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Computational modelinga b s t r a c t
It has experimentally been found that certain mutations close to the entry point of the proton trans-
fer channel in cytochrome c oxidase stop proton translocation but not the oxygen reduction chem-
istry. This effect is termed uncoupling. Since the mutations are 20 Å away from the catalytic center,
this is very surprising. A new explanation for this phenomenon is suggested here, involving a local
effect at the entry point of the proton channel, rather than the long range effects suggested earlier.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.Cytochrome c oxidase (CcO) is the terminal enzyme in the respi-
ratory chain. It catalyzes the reduction of dioxygen to water and
couples this reaction to the translocation of protons across the
mitochondrial (or bacterial) membrane. The reaction catalyzed
for the A-family of these enzymes is
O2 þ 8Hþi þ 4e ! 2H2Oþ 4Hþo
where Hþi are protons taken from the N-side of the membrane and
Hþo are protons translocated, or pumped, across the membrane from
the N-side to the P-side [1a]. The membrane gradient created drives
the synthesis of ATP, where the energy of food consumption and
respiration is stored. The X-ray structure for the A-family of CcO
has been solved for two types of bacteria [2,3] and also for a mam-
malian species [4]. There are four redox centers in the enzyme, CuA
and heme a which function as electron transport cofactors, and CuB
and heme a3 which form the binuclear center (BNC), the active site
for dioxygen reduction. Protons are taken up from the N-side to the
binuclear center and for pumping along two different pathways, the
D- and the K-channels. It is believed that at most two of the eight
protons follow the K-channel, and all protons being pumped follow
the D-channel [1b]. There is still no consensus on the proton pump-
ing mechanism. In particular, there are many quite different sugges-
tions for how gating, required to direct the protons either to the
BNC or for pumping, is achieved [1c,5–7]. In common for these
mechanisms is that the pump loading site (PLS), where the protons
are stored before being pumped to the P-side, should be somewherein the region of the heme-a3 propionates, and also that the gating
point, at which the protons are directed to the BNC or to the PLS,
is situated in the region of Glu286 (Rhodobacter sphaeroides num-
bering). This residue is about 20 Å from the entry point of the D-
channel. Still, and extremely surprisingly, it has been found that
certain mutations close to this entry point can speciﬁcally affect
the proton gating [8,9]. For example, mutating Asn139 (see Fig. 1)
to an Asp stops pumping, but allows the chemistry at the BNC to oc-
cur at an almost normal rate. This type of mutant is referred to as
uncoupled. The uncoupling of proton pumping can obviously not
be explained by assuming that proton transfer through the D-chan-
nel is stopped by the mutation. Instead, there have been two major
types of attempted explanations for how the rate of proton transfer
through the D-channel could be affected by the mutations. Even
though the distance between the mutation and Glu286 is very long
(about 20 Å), either a direct electrostatic effect from the mutation
could modulate the pKa value of Glu286, or the mutation could
cause a long range structural change in the Glu286 region [10,11].
More recently, a third explanation has been given, suggesting that
a continous hydrogen-bonded chain through the D-channel should
be essential for proton pumping, and that this should be disturbed
by the mutations [8b].
In the present communication, an entirely new and different
explanation for the uncoupling of proton pumping caused by the
mutations in the D-channel is given. The starting point is to try to
ﬁnd a local origin of the uncoupling, caused by effects in the region
close to the mutations. The reason is that we consider it unlikely
that the mutations could lead to sufﬁciently large electrostatic or










Fig. 1. Model for the lower part of the D-channel used for the present calculations.
The proton being transferred is marked H+. Atoms kept ﬁxed are circled in red. The
entry point for the D-channel is Asp132. The structure models the proton located at
the minimum M, see text.
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structure for the Asn139Asp mutant in R. sphaeroides [8b], even if
it is noted that the corresponding mutation in Paracoccus denitriﬁ-
cans shows some minor changes of hydrogen bonding in the
Glu286 region [12]. It is actually not difﬁcult to imagine that a local
effect close to the mutation could affect the pumping, since the rate
of proton transfer through the D-channel is not only given by the
energy at the transition state, supposedly located close to Glu286,
but also by the energy of the resting state for the proton. The
rate-limiting barrier for the proton transfer is the energy difference
between these two points. This means that if the resting state for
the proton before it moves through the D-channel is close to the po-
sition of the mutations, a local effect of the mutations can certainly
have consequences for the pumping. Previously, the resting state
for the proton has mainly been considered as being in the water
medium on the N-side.
Another point where the present approach differs from the ear-
lier ones, concerns the direction of the change in proton transfer
rate caused by the mutation. Previously, mostly explanations
involving a slower rate of proton transfer through the D-channel
have been considered. The argument has been that the protonmust
be prevented from reaching the PLS to stop the pumping. The de-
tailed pumping mechanism presented by us earlier [9], shows that
it is also possible to prevent pumping by increasing the back-leakage
from the PLS. In fact, preventing leakage is one of themost demand-
ing aspects for a functioning proton pump. Amajor result of the pre-
vious studies was that a too fast proton transfer to the PLS is very
likely to lead to leakage. Indeed, a surprisingly slow rate for the pro-
ton to reach the PLS, corresponding to a barrier of 10.8 kcal/mol, has
been found experimentally [1d]. It can be added that the present
suggestion of leakage in the mutants is consistent with a recent,
experimentally based, suggestion [13].
The general idea to explain the uncoupling effect of the muta-
tions is thus to keep the energy of the transition state for protontransfer the same as for the wildtype enzyme, but to raise the
energy for the resting state. Since the energy of the proton on
the N-side is the same for the wildtype and the mutants, the only
reasonable way found to achieve a higher rate for the mutants is to
assume that there should be an energy-well (M) for the proton in
the wildtype, which becomes less deep or absent in the mutants.
A place inside the D-channel where the proton is more bound than
on the N-side is thus necessary.
To test the above idea, calculations were performed for both the
wildtype and for two mutants, both involving mutations of
Asn139. In the ﬁrst case, this residue is replaced by a threonine,
and in the second case by an aspartic acid. From the absence of sig-
niﬁcant distortions at the place of the mutation [8b], the aspartate
is assumed to be protonated to keep the charge the same as in the
wildtype enzyme. A model of the region around the mutation con-
taining 140 atoms was used, see Fig. 1. The methods used are de-
scribed in the supporting information. The purpose of the
calculations is not to prove the suggested mechanism but instead
to show that it is a valid possibility.
Since absolute pKa values are not reliably evaluated using the
present rather limited models, the conclusions have to rely on cal-
culated relative energies. From results with various charges of the
model, a neutral model was the only one that gave reasonable
energies. This means that Asp132, at the entry point of the D-chan-
nel, is protonated with the proton pointing towards the N-side and
with His26 neutral. It should be noted that this is not the resting
state, see further below. The reverse protonation, with His26 pro-
tonated instead, was found to be higher in energy. The actually cal-
culated values can be summarized in the following way (the
interpretations are given below). To initiate proton transfer
through the D-channel, a proton is added to His26. For the wild-
type enzyme, the repulsion from the added proton makes Asp132
rotate 180, with its proton now close to Asn139, see Fig. 1. The
rotation leads to a lowering of the energy by 8.0 kcal/mol. For
the Thr mutant, the corresponding value is 7.6 kcal/mol and for
the Asp mutant it is 5.3 kcal/mol. From the calculations, relative
pKa values of His26 for the starting structure (with the proton
pointing towards the N-side) compared to the wildtype enzyme,
could also be evaluated for the mutants. For the Thr mutant, the
pKa value of His26 is 1.5 lower (2.0 kcal/mol) than for the wildtype,
while for the Asp mutant it is 0.8 (1.1 kcal/mol) lower than for the
wildtype.
The above results are best interpreted in the following way.
First, one absolute pKa value has to be chosen for the wildtype en-
zyme, as a reference point for the calculated relative values. This
reference value was chosen for His26 in the situation when the
proton is added, and when Asp132 is protonated with the proton
pointing towards the N-side. A low pKa value of His26 of 3.3 was
chosen since there is a close lying proton on Asp132. Any value be-
tween 3.0 and 5.0 could have been chosen, and the effects dis-
cussed below would still be qualitatively the same. This means
that with a proton on His26 the energy is higher by 5.0 kcal/mol
compared to the situation with a proton on the N-side at pH = 7.
As Asp132 is rotated (with its proton), the energy goes over a bar-
rier (TSN) and then to a minimum M, see Fig. 1, with an energy of
3.0 kcal/mol at pointM1. This is obtained from the computed en-
ergy difference of 8.0 kcal/mol between M1 and the point with
the proton on Asp132 pointing towards the N-side at +5.0 kcal/
mol. The point (M) is the energy-well described above. It should
be noted that this minimum is not located at the same position
as the one suggested previously by model calculations [14]. From
the corresponding calculated values for the Thr mutant, this indeed
means a less deep well of only 0.6 kcal/mol. For the Asp mutant,
the energy well disappears. The barrier for proton transfer to the
PLS via the transition state labeled TSG (supposedly situated close
to Glu286), should according to a previous analysis of experiments
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electron on heme a. This means that the energy at TSG should be
(10.8–3.0) = 7.8 kcal/mol. The assumption made here is that the
mutants are too far away from TSG to affect its energy and should
therefore have the same energy of 7.8 kcal/mol at this point. The
barriers should then be 8.4 (7.8 + 0.6) kcal/mol for Thr and 7.8
(7.8 + 0) kcal/mol for Asp. This means that the transfer of the pro-
ton to the PLS should be 60 times faster for the Thr and 160 times
faster for the Asp mutant. After the proton has passed TSG the en-
ergy goes down to 5.0 kcal/mol, followed by a reprotonation ofM
from the N-side (going down 3.0 kcal/mol), leading to an energy
for a state with a proton at the PLS (M2) of 8.0 kcal/mol taken
from the previous study. The suggested energy proﬁle for proton
transfer from the N-side to the PLS is shown in Fig. 2. The reference
point in the ﬁgure, set to zero, is with a proton on the N-side. The
corresponding proﬁle for the Thr mutant is shown in red in the
ﬁgure.
One of the most important conclusions from the previous
analysis of the kinetic experiments [1,7], is that the energy of TSG,
as well as the energy of the PLS, is affected by the presence of an
electron on heme a. The diagram without an electron on heme a
is drawn in Fig. S1 in the supporting information. It was concluded
in one of the studies that the structure for TSG should be positively
charged [7]. A similar modulation of the proton transfer barrier
by the redox state of heme a was predicted in a mathematical/
kinetic modeling study [15]. The energy of 7.8 kcal/mol in Fig. 2 is
taken from the situation when there is an electron on heme a. In
a very critical leakage situation, the electron on heme a is trans-
ferred to the BNC and neutralized by a proton, leading to a danger
for leakage back to the N-side, since the energy for a state with a
proton at the PLS is raised to a higher level, from 8.0 in Fig. 2 to
0.9 kcal/mol in Fig. S1 (point M2 in the diagrams). Since TSG is
positive, its energy is also raised, by a similar amount from +7.8
to +15.2 kcal/mol, which will prevent leakage. For the Thr mutant
the corresponding energies, without an electron on heme a, are
+1.5 for the PLS and +15.2 kcal/mol for TSG. While the back-leakage
barrier for the wildtype of (15.2 + 0.9) = 16.1 kcal/mol will be
enough to prevent back-leakage from the PLS to the N-side, this will
not be the case for the mutant with a barrier of only (15.2–1.5) =
13.7 kcal/mol. This means that leakage should increase for the Thr
mutant by a factor of 60 and for the Asp mutant by a factor of
160, leading to the result that there should be essentially no pump-
ing for the mutants, as found experimentally. At the same time,
there is no reason why the proton transfer to the BNC should beFig. 2. Energy proﬁles for the wildtype enzyme in black and for the Asn139Thr
mutant in red. The diagrams are drawn for the case with an electron on heme a.
Under each energy level there is a description of the protonations at that point. N is
the N-side, M the energy-well and PLS the pump-loading site.stopped. On the contrary, the faster transfer through the D-channel
could even lead to a faster chemistry.
To fully explain the experiments, there is one additional ener-
getic requirement for the proton transfer through the D-channel:
the minimum M should not be reprotonated before the proton
has reached TSG, because this would lower the barrier also for
the back-leakage. This is fulﬁlled if two conditions are met. First,
there has to be a barrier for the reprotonation of M (at TSN) and
second, the energy must increase rather quickly after the proton
has left the M region to move towards the Glu286 region. The
sum of these energies (the barrier and the energy increase)
should be higher than the proton transfer barrier at TSG. These
two conditions should be easily met by the enzyme. The calcu-
lated barrier for the rotation of Asp132 for the wild-type enzyme
is 5.0 kcal/mol, actually quite close to the energy when His26 be-
comes protonated. This barrier could be slightly increased if the
protonated His26 swings in and forms a salt-bridge to the depro-
tonated Asp132 as the proton leaves the M region. Such a salt
bridge has been implicated in earlier modeling studies [16].
The question of how mutations close to the entry point of the
D-channel, can stop proton pumping, while maintaining the rate
of the chemistry at the BNC, has been addressed using a simple
idea. The idea is that the uncoupling of proton pumping could be
explained if there is a minimum M for the proton transfer close
to the place of the mutation, which is deeper for the wildtype
enzyme than for the mutants. The relative pKa values obtained
frommodel calculations support this idea. This makes the assump-
tion of a long range effect of the mutations unnecessary. To opti-
mize the capture of protons from the N-side, it has probably
been found advantageous to have a minimum close to the entry
point of the D-channel.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
theonlineversion, athttp://dx.doi.org/10.1016/j.febslet.2013.12.020.
References
[1] (a) Wikström, M.K.F. (1977) Proton pump coupled to cytochrome c oxidase in
mitochondria. Nature 266, 271–273(b)Wikström, M., Jasaitis, A., Backgren, C.,
Puustinen, A. and Verkhovsky, M.I. (2000) The role of the D- and K-pathways
of proton transfer in the function of the haem-copper oxidases. Biochim.
Biophys. Acta 1459, 514–520(c)Wikström, M., Verkhovsky, M. and Hummer,
G. (2003) Intrinsic and extrinsic uncoupling of oxidative phosphorylation.
Biochim. Biophys. Acta 1604, 61–65(d)Belevich, I., Bloch, D.A., Belevich, N.,
Wikström, M. and Verkhovsky, M.I. (2007) Exploring the proton pump
mechanism of cytochrome c oxidase in real time. Proc. Natl. Acad. Sci. USA
104, 2685–2690.
[2] Ostermeier, C., Harrenga, A., Ermler, U. and Michel, H. (1997) Structure at 2.7
angstrom resolution of the Paracoccus denitriﬁcans two-subunit cytochrome c
oxidase complexed with an antibody F-V fragment. Proc. Natl. Acad. Sci. USA
94, 10547–10553.
[3] Svensson-Ek, M., Abrahamson, J., Larsson, G., Törnroth, S., Brzezinski, P. and
Iwata, S. (2002) The X-ray crystal structures of wild-type and EQ(I-286)
mutant of cytochrome c oxidases from Rhodobacter sphaeroides. J. Mol. Biol.
321, 329–339.
[4] Yoshikawa, S., Shinzawa-Itoh, K., Nakashima, R., Yaono, R., Yamashita, E.,
Inoue, N., Yao, M., Fei, M.J., Libeu, C.P., Mizushima, T., Yamaguchi, H., Tomizaki,
T. and Tsukihara, T. (1998) Redox-coupled crystal structural changes in bovine
heart cytochrome c oxidase. Science 280, 1723–1729.
[5] Brzezinski, P. and Larsson, G. (2003) Redox-driven proton pumping by heme-
copper oxidases. Biochim. Biophys. Acta 1605, 1–13.
[6] Olsson, M.H. and Warshel, A. (2006) Monte Carlo simulations of proton
pumps: on the working principles of the biological valve that controls proton
pumping in cytochrome c oxidase. Proc. Natl. Acad. Sci. USA 103, 6500–6505.
[7] Siegbahn, P.E.M. and Blomberg, M.R.A. (2007) Energy diagrams and
mechanism for proton pumping in cytochrome c oxidase. Biochim. Biophys.
Acta 1767, 1143–1156Blomberg, M.R.A. and Siegbahn, P.E.M. (2010) Quantum
chemistry as a tool in bioenergetics. Biochim. Biophys. Acta 1817 1797, 129–
142Blomberg, M.R.A. and Siegbahn, P.E.M. (2012) The mechanism for proton
pumping in cytochrome c oxidase from an electrostatic and quantum chemical
perspective. Biochim. Biophys. Acta 1817 1817, 495–505.
548 P.E.M. Siegbahn, M.R.A. Blomberg / FEBS Letters 588 (2014) 545–548[8] (a)Lepp, H., Salomonsson, L., Zhu, J.P., Gennis, R.B. and Brzezinski, P. (2008)
Impaired proton pumping in cytochrome c oxidase upon structural alteration
of the D pathway. Biochim. Biophys. Acta 1777, 897–903(b)Zhu, J., Han, H.,
Pawate, A. and Gennis, R.B. (2010) Decoupling mutations in the D-channel of
the aa(3)-Type cytochrome c oxidase from Rhodobacter sphaeroides suggest
that a continuous hydrogen-bonded chain of waters is essential for proton
pumping. Biochemistry 49, 4476–4482.
[9] Brzezinski, P. and Johansson, A.-L. (2010) Variable proton-pumping
stoichiometry in structural variants of cytochrome c oxidase. Biochim.
Biophys. Acta 1797, 710–723.
[10] Chakrabarty, S., Namslauer, I., Brzezinski, P. and Warshel, A. (2011)
Exploration of the cytochrome c oxidase pathway puzzle and examination
of the origin of elusive mutational effects. Biochim. Biophys. Acta 1807, 413–
426.
[11] Henry, R.M., Caplan, D., Fadda, E. and Pomes, R. (2011) Molecular basis of
proton uptake in single and double mutants of cytochrome c oxidase. J. Phys.:
Condens. Matter, 234102.
[12] Durr, K.L., Koepke, J., Hellwig, P., Muller, H., Angerer, H., Peng, G., Olkhova, E.,
Richter, O.-M.H., Ludwig, B. and Michel, H. (2008) A D-pathway mutationdecouples the Paracoccus denitriﬁcans cytochrome c oxidase by altering the
side-chain orientation of a distant conserved glutamate. J. Mol. Biol. 384, 865–
877.
[13] Wikström, M. and Verkhovsky, M. (2011) The D-channel of cytochrome
oxidase: an alternative view. Biochim. Biophys. Acta 1807, 1273–1278.
[14] Xu, J., Sharpe, M.A., Qin, L., Furguson-Miller, S. and Voth, G.A. (2007) Storage of
an excess proton in the hydrogen-bonded network of the D-pathway of
cytochrome c oxidase: identiﬁcation of a protonated water cluster. J. Am.
Chem. Soc. 129, 2910–2913.
[15] Kim, Y.C., Wikström, M. and Hummer, G. (2009) Kinetic gating of the proton
pump in cytochrome c oxidase. Proc. Natl. Acad. Sci. USA 106, 13707–13712.
[16] Johansson, A.-L., Carlson, J., Högbom, M., Hosler, J.P., Gennis, R.B. and
Brzezinski, P. (2013) Proton uptake and pK(a) changes in the uncoupled
Asn139Cys variant of cytochrome c oxidase. Biochemistry 52, 827–836.
